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A Common Mechanism for Microtubule Destabilizers—
M Type Kinesins Stabilize Curling of the Protofilament
Using the Class-Specific Neck and Loops
cific stalk and tail regions (Hirokawa, 1998). The catalytic
core and the following neck is the minimum region of
KIF-Ns that is required to produce translational move-
ment toward the plus end of the MT (Inoue et al., 1997;
Jiang et al., 1997; Okada et al., 2003). In contrast, C-ter-
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minal type KIFs or KIF-Cs have the catalytic core at orHongo, Bunkyo-ku
near the C terminus, preceded by the class-specificTokyo, 113-0033
neck at the N terminus of the catalytic core (Saito et al.,Japan
1997; Vale and Fletterick, 1997; Hirokawa et al., 1998).
This N-terminal neck redirects KIF-Cs movement toward
the minus end of the MT (Henningsen and Schliwa, 1997;Summary
Case et al., 1997; Endow and Higuchi, 2000).
The third class, KIF-M, was initially so named becauseUnlike other kinesins, middle motor domain-type
all the known members of this family at the time hadkinesins depolymerize the microtubule from its ends.
the catalytic core in the middle of the polypeptide, be-To elucidate its mechanism, we solved the X-ray crys-
tween the highly divergent N-terminal globular domaintallographic structure of KIF2C, a murine member of
and the C-terminal stalk (Aizawa et al., 1992; Noda etthis family. Three major class-specific features were
al., 1995; Wordeman and Mitchison, 1995; Walczak etidentified. The class-specific N-terminal neck adopts a
al., 1996). The class-specific neck is found on thelong and rigid helical structure extending out vertically
N terminus of the catalytic core (Vale and Fletterick,into the interprotofilament groove. This structure ex-
1997; Hirokawa et al., 1998). Recently, distant subfamilyplains its dual roles in targeting to the end of the micro-
members of this class were identified: KIF24 and itstubule and in destabilization of the lateral interaction
protozoan homolog PfKinI (Miki et al., 2001, 2003;of the protofilament. The loop L2 forms a unique finger-
Moores et al., 2002). They are also classified as M typelike structure, long and rigid enough to reach the next
because their catalytic cores show high similarity withtubulin subunit to stabilize the peeling of the protofila-
those of classical KIF-Ms such as KIF2A/B/C althoughment. The open conformation of the switch I loop could
their catalytic cores are found near the N terminus ofbe reversed by the shift of the microtubule binding L8
the polypeptide. Sequence comparison among KIF-Msloop, suggesting its role as the sensor to trigger ATP
has revealed that members of the KIF24 family arehydrolysis. Mutational analysis supports these struc-
slightly different from KIF2 family members (Figure 1A).tural implications.
However, most members of KIF2 and KIF24 families
studied to date do not produce translational movementIntroduction
along the MT. Instead, they depolymerize the MT catalyt-
ically using the energy from ATP hydrolysis (Walczak etMolecular motors are enzymes that convert energy liber-
al., 1996; Desai et al., 1999; Homma et al., 2003).ated by chemical reactions into mechanical work.
Recent structural studies of the catalytic cores of vari-Kinesin superfamily proteins or KIFs are a family of mo-
ous KIFs revealed a highly conserved mechanism fortor proteins (Aizawa et al., 1992; Hirokawa 1996, 1998;
mechanochemical energy transduction within this su-Miki et al., 2001, 2003) that generally produce a transla-
perfamily (Kikkawa et al., 2001). Highly conserved switchtional movement along a microtubule (MT) polymer by
regions sense the presence or absence of the -phos-
using the energy of ATP hydrolysis. The function of more
phate of ATP, which then triggers large conformational
than half is to carry cargo around the cell along the MTs,
changes in the MT binding sites. The structural changes
and the others play important roles as mitotic motors result in alteration of the binding affinity to the MT and
(Hirokawa, 1998). This superfamily is defined by the also produce the swinging movement of the neck (Rice
presence of a highly conserved structural domain, the et al., 1999; Kikkawa et al., 2001; Yun et al., 2003). The
catalytic core, which contains both an ATP binding/ directionality of the movement of KIF-Ns and KIF-Cs are
hydrolysis site and MT binding sites. explained by the direction of swing of the neck. The
KIFs are classified by the position of this catalytic neck of KIF-N swings to the plus end of the MT, while
core domain within the polypeptide and by the class- that of KIF-C swings in the opposite direction, because
specific sequence features outside the catalytic core the latter is on the opposite end of the catalytic core
(Hirokawa, 1996; 1998; Vale and Fletterick, 1997; Hiro- (Sablin et al., 1998; Kikkawa et al., 2001; Yun et al., 2003).
kawa et al., 1998; Kim and Endow, 2000). The N-terminal However, the mechanism of the MT depolymerization
type KIFs or KIF-Ns were initially defined as KIFs with by KIF-Ms remains unclear. Recent biochemical and
the catalytic core positioned at the N terminus (for the structural studies revealed many class-specific features
current definition of KIF-Ns, refer to Miki et al., 2001, of KIF-Ms. KIF-M is targeted to both plus and minus
2003; Dagenbach and Endow, 2004). KIF-Ns have a ends of the MTs without ATP hydrolysis. The ATPase
class-specific neck region at the C terminus of the cata- activity is stimulated on the ends of the MTs, and MTs
lytic core, followed by highly divergent, subfamily-spe- are catalytically depolymerized from both ends (Desai
et al., 1999; Niederstrasser et al., 2002; Hunter et al.,
2003; Moores et al., 2002, 2003). These and other fea-*Correspondence: hirokawa@m.u-tokyo.ac.jp
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Figure 1. The KIF-M-Specific Residues and Their Positions Mapped onto the Structure of KIF2C
(A) Sequence alignment. Conserved residues are highlighted by shading. KIF2 family members are clustered towards the top of the alignment,
and KIF24 family members at the bottom. KIF1A and KHC sequences are also aligned for comparison. KIF-M-specific and/or KIF2-specific
residues are indicated by coloring.
(B and C) Structure of KIF2C (AMP-PNP bound form). Views from the MT binding side (B) and from the opposite side (C) are shown. The
clusters of the KIF-M-specific residues are shown with the same coloring as in (A). The KIF-M-specific KVD motif, the residues Lys293–Asp295,
is shown by red spheres.
tures specific to this KIF-M class may reflect the minor In this paper, to elucidate the mechanism of MT de-
polymerization by KIF-Ms, we have solved the crystaldifferences in the catalytic core and/or the class-specific
neck. However, it remains unclear how these KIF-M- structure of the minimal functional domain of mouse
KIF2C, a member of KIF-M, in two different nucleotidespecific behaviors are produced from the small struc-
tural differences in the catalytic core. states: AMP-PNP bound state and ADP bound state.
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catalytic core is the same as found in other KIFs. TheTable 1. Summary of the Crystallographic Data Collection
catalytic core has six major  sheets surrounded by sixand Refinement
 helices. The well-conserved nucleotide binding pocketAMPPNP ADP
is occupied by Mg-ADP for the crystal with ADP in the
Data Collection mother liquid and by Mg-AMP-PNP for the crystal with
AMP-PNP.X-ray source PFAR-NW12A PFAR-NW12A
Space group C222 C222 To date, the atomic structures of three KIF-Ns (con-
Unit cell parameters ventional kinesin KIF5B, KIF1A, and Eg5) and two KIF-
a (A˚) 61.1 61.2 Cs (ncd and Kar3) have been solved. None show MT
b (A˚) 191.5 192.5
destabilizing activity except Kar3. Kar3 is reported toc (A˚) 74.6 73.6
destabilize the MT preferentially at its minus end and notResolution (A˚) 50.0–2.25 50.0-3.24
at the plus end (Endow et al., 1994), and the underlyingIndependent reflections 21219 6680
Completeness (%) 98.5 92.2 mechanism is expected to be different from the mecha-
Rmerge (%) 8.6 11.0 nism in KIF-Ms. We, therefore, compared the structure
Average I/ 13.0 9.7 of KIF2C with those of other KIFs to determine the struc-
tural features of KIF2C that are important for the KIF-Refinement
M-specific MT depolymerizing activity.Resolution (A˚) 24.0–2.25 20.0–3.24
Here, we mainly present a detailed comparison ofReflections 20437 6278
the ADP bound structure of KIF2C and the ADP boundRwork (%) 21.5 24.8
Rfree (%) 25.2 29.2 structure of KIF1A. We chose the ADP bound structure
Number of atoms 2773 2698 because most of the atomic structures are solved for
Average B factor (A˚2) 51.6 48.0 the ADP bound form except KIF1A and KIF2C. In addi-
rms deviation tion, the structure of KIF2C with the ATP analog shows
Bond length (A˚) 0.009 0.012
a large structural variation from that of KIF1A with theBond angle () 1.7 2.1
ATP analog (discussed below). We chose KIF1A be-
cause it is the only KIF whose atomic structure is solved
both in ADP bound and ATP analog bound states and
The construct used for the crystallization is the minimal because its catalytic core shares 36% identity and 50%
functional domain determined by systematic mutational similarity with KIF2C, the highest of all the motors with
analysis and contains the catalytic core and the preced- structures available. In fact, the overall structure of
ing 50 aa of the N-terminal neck specifically conserved KIF2C was most similar to KIF1A, and therefore we used
among KIF-Ms. Its crystal structure revealed that seven KIF1A as the initial structure for the molecular replace-
regions form the class-specific structure, significantly ment. Furthermore, the decoration of the MT with the
different from other classes of KIFs: L2, 2-L5, L8-3- KIF1A catalytic core does not depolymerize the MT, but
L9, L10, L11-4-L12, 6, and the class-specific neck 0. rather stabilizes the MT (Y.O., unpublished data). The
Based on these structural features and the results of comparison with KIF1A, therefore, will clarify the struc-
our mutational analyses and the previously published tural features required for the destabilization of MTs.
studies, we propose a structural model for the mecha- The comparison of structures is facilitated by super-
nism for MT depolymerization by KIF-M. imposing the highly conserved elements and then exam-
ining the differences in other regions. We used the highly
conserved phosphate binding loop (P loop, aa 341–351
Results for KIF2C and aa 94–104 for KIF1A) to align KIF2C with
KIF1A. Figures 2A and 2B show the comparison of the
The Class-Specific Residues of KIF-M Contribute KIF2C structure with KIF1A, both in the ADP bound form.
to the Class-Specific Structure We have designated the secondary structures of the
of the Catalytic Core KIF2C catalytic core according to the naming conven-
To elucidate the mechanism of MT depolymerization by tion used with other KIFs to facilitate comparison (Figure
KIF-M, we have solved its X-ray crystal structure. We 1A). Therefore, it should be noted that the name of a
initially used KIF2A, the founding member of the KIF-M structural element does not necessarily reflect the order
class (Aizawa et al., 1992; Noda et al., 1995), but its or actual secondary structure in the catalytic core of
MT depolymerizing activity was about three times lower KIF2C. For example, most parts of L2 and L8 are actually
than MCAK, XKCM-1, or KIF2C (Homma et al., 2003; antiparallel two-stranded  sheets in KIF2C, but are re-
Figures 4A and 4G). We therefore switched to KIF2C ferred to as loops L2 and L8.
because it is the murine ortholog of MCAK and XKCM-1, These superimposed structures clearly show that the
the best-characterized KIF-Ms for MT depolymerizing core  sheets are almost identical in the two structures.
activity. As reported previously with MCAK (Maney et Large structural differences between KIF2C and KIF1A
al., 2001), the 50 aa neck as well as the catalytic core (and other KIFs, data not shown) are found in the seven
are necessary and sufficient for full MT depolymerizing regions in the loops and the helices around the core 
activity (Figure 4G). This minimal functional domain of sheets: L2, 2-L5, L8-3-L9, L10, L11-4-L12, 6, and
KIF2C (S183–S585, Figure 1A) was crystallized in the the class-specific neck 0. These regions correspond
presence of either ADP or AMP-PNP. For both condi- to the clusters of the residues conserved among KIF-
tions, we have obtained crystals and their structures Ms (Figures 1A–1C). In the following paragraphs, we
were solved (Table 1). The refined KIF2C models (Figures briefly describe the structural features of these regions
in this order. It should be noted here that most of the1B and 1C) revealed that the overall structure of KIF2C
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Figure 2. Comparison of the Structure of KIF2C (ADP Bound Form) with that of KIF1A (ADP Bound Form)
The overlapping structures are colored with gray. The highly divergent structural elements of KIF2C and KIF1A are colored with red and
yellow, respectively. Views from the MT binding side (A) and from the opposite side (B) are shown.
residues in these regions are well conserved both in in a clockwise direction. In accordance with this rotation
of 2, the adjacent 3 helix rotates in a similar manner,KIF2 and KIF24 families (Figure 1A). However, some
which leads to changes in the positions of the precedingregions (neck, L5 and L8) are not well conserved be-
and following loops, L8 and L9 (Figures 2A, 2B, 3A, andtween the KIF2 and KIF24 families at the sequence level.
3B, discussed below).Their sequences are conserved only within each family.
The L10 loop is on the end of the catalytic core andTo clarify this difference in the degree of the conserva-
is believed to serve as the docking site for the neck tion among M type KIFs, we use the terms “family-spe-
sheet of the N-type KIFs (Kikkawa et al., 2001). Thecific” and “class-specific” in the following sections.
significantly shorter L10 loop of KIF2C (and all otherThe KVD motif in L2 is the most significant cluster of
KIF-Ms) is consistent with this idea because it lacks theclass-specific residues. The residues before and after
neck  sheet of the N-type KIFs (Figure 2A).the KVD motif are well conserved among KIF-Ms, and
The main MT binding helix, 4, of KIF2C is elongatedthey form additional sheet structures, 1b and 1c in
by one turn to the L11 side (Figure 2A) and is tiltedthe atomic structure of KIF2C. These  sheets extend
5 compared with that of KIF1A in the ADP form. Thisthe preceding and the following  sheets, 1a and 2,
structural divergence is much larger in the AMP-PNPand form a two-stranded antiparallel  sheet structure.
form; 4 of KIF2C in the AMP-PNP form is tilted aboutThese  sheets are connected by a turn formed by the
30 compared with that of KIF1A in the ATP-like formKVD motif (Lys293, Val294, and Asp295). Thus, this re-
(data not shown). The class-specific residues (Asp502–
gion makes a rigid, finger-like protrusion extending out
Arg506) at the end of L11 are wound up into the 4 helix
from the catalytic core. As discussed below, this KVD (Figures 1A and 1B), which reduces the length and the
motif in L2 plays a critical role in the activity of KIF-M. flexibility of the second MT binding loop, L11. The rota-
We therefore named this class-specific protrusion KVD- tion of the 4 helix is supported by the elongation of
finger. It should be noted that this L2 region is much the 6 helix. The class-specific residue Glu583 at the C
shorter in other KIFs and has a flexible loop structure. terminus of the 6 helix may contribute to this elon-
In contrast, the KVD-finger of KIF-M is more than twice gation. Glu521, Ile523, and Arg524 of 4 and Arg580,
as long and has a rigid structure. Most of the KVD-finger Val581, and Glu583 of 6 are conserved among KIF-Ms
has a two-stranded antiparallel  sheet structure, and (Ile523, Arg580, and Val581 are not specific to KIF-Ms,
the proximal part of the finger interacts with the catalytic see Figure 1A) and are in proximity to each other (Figure
core and proximal part of the neck helix (discussed 1B). The electrostatic and hydrophobic interactions
below, Figure 3A). among them stabilize the class-specific configuration
The 2 helix is interrupted by loop L5 in all KIFs. This of 4.
loop is larger in KIF2C than in KIF1A (and KIF5B). This
loop is one of the clusters of family-specific residues The Family-Specific Neck of KIF2C Forms a Long
(Figures 1A and 1C). Furthermore, the C-terminal end Helical Structure, Extending Vertically Down
of helix 2 (2b) is kinked by the family-specific residue, to the Microtubule
Pro384 (Figure 2B). The family-specific L5 loop and 2b Both KIF2 and KIF24 family members have family-spe-
cific neck regions in the N terminus of the catalytic core.helix dislocate the main part of the 2 helix about 10
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structure, but this region was disordered and it was not
possible to trace. The most proximal part of the neck
helix (0a) is also disordered in the ADP form of KIF2C.
Even so, the distal part of the neck helix (0b) has the
same conformation as in the AMP-PNP form (Figure 3A).
We cannot exclude the possibility that this conformation
of the neck helix is an artifact of crystallization. However,
even if the conformation is artificially stabilized by the
crystal packing, we can safely say that the kink at Pro243
has a tendency to turn the neck-helix 0b toward the
microtubule rather than in other directions.
This vertical extension of the neck helix 0b is sup-
ported by the interaction between the neck helix and
the base of the KVD-finger. Glu240, in the neck helix,
and Lys282, in the KVD-finger, are well conserved in the
KIF2 family (Figure 1A) and are in close proximity in
the atomic model. Furthermore, the following residues,
Cys241 and Cys283, form a disulfide bond. However,
since disulfide bonds are rare in cytoplasmic proteins,
and these cysteines are not conserved even within the
KIF2C subfamily, the disulfide bond itself may not be
essential. The well-conserved KIF2-specific residues
around these cysteines may link the two major class- or
family-specific structures: the KVD-finger and the neck
helix. In any case, the KIF2 family-specific neck helix
adopts a conformation very different from other classes
of KIFs. The neck helices of KIF-Cs and KIF-Ns are
known to take various conformations, but they tend to
extend in parallel to or away from the microtubule. The
neck of KIF2 is directed toward the microtubule by the
kink in the proximal half of the neck helix and may be
stabilized by residues around the kink and on the
KVD-finger.
The ATP Binding Pocket of KIF2C Is Trapped in
Figure 3. The Open Conformation of the Nucleotide Binding Pocket the Open Structure by the Shift of the 3 Helix
of KIF2C in the AMP-PNP Form As shown above, the conserved residues in KIF2 family
(A) Comparison of the structures of KIF2C in the ADP form (red) of KIF-M class lead to the family- or class-specific forms
and in the AMP-PNP form (blue). The interaction between the neck
of several structural elements. Given this, how do these(green) and the KVD-finger (pink) is also shown. Note the disulfide
residues and structures contribute to the class-specificbond (yellow) between the neck and the KVD-finger.
function of KIF-Ms? The family- or class-specific struc-(B) Comparison of the configuration of the switch I and switch II
regions of KIF1A (purple) and KIF2C (blue). Although both structures tures are clustered in four regions: the neck, KVD-finger,
are of the AMP-PXP (X  C or N) form, the switch I loop is distant switch I (2-L9), and switch II (4-6). To examine the
from the -phosphate due to the rotation of 3. To move the switch functional roles of these structural elements, we com-
I loop closer to the -phosphate, 3 must be rotated as shown by
pared the KIF2C structures of the ADP bound form andthe yellow arrows. This rotation may be triggered by the preceding
the AMP-PNP bound form.L8 loop. This open conformation of the switch I loop is similar to the
Unlike KIF1A, the structure of KIF2C with AMP-PNPstructure of the salt bridge mutant (R598A) of Kar3. The structures of
the wild-type (purple) and R598A mutant (blue) of Kar3 are shown in the nucleotide binding pocket is not significantly dif-
for comparison (C). The mutation resulted in the rotation of 3 and ferent from that of KIF2C in the ADP form (Figure 3A).
the switch I loop moved away from the nucleotide binding pocket It has been proposed that the length, the angle, and the
(yellow arrow).
position of the 4 helix of KIFs change according to the
nucleotide in the nucleotide binding pocket. All known
kinesin structures of the switch II complex (L11-4-L12)Although the amino acid sequences are not well con-
served between the KIF2 and KIF24 families, the neck can be classified as the “up” conformation or the “down”
conformation. The “up” conformation is considered toregions of both families are enriched with positively
charged residues. Unlike the neck regions of KIF-Ns, be stabilized by the interaction between the -phos-
phate and the switch I loop, L9, and the switch II loop,the neck of KIF2C has a rigid, well-defined structure.
The proximal half of the neck, Asn225–Asp248, has a L11 (Kikkawa et al., 2001). However, the switch II com-
plex of KIF2C adopts the “down” conformation withlong helical structure, 0, with a kink at the highly con-
served, family-specific residue, Pro243 (Figure 3A). AMP-PNP in the nucleotide binding pocket. This may
be due to the lack of interaction between the switch IThrough this kink, the helix changes direction and ex-
tends vertically down to the MT. The distal half of the loop, L9, and the -phosphate. The switch I loop, L9, is
dislocated by the rotation of the preceding helix, 3neck, Ser183–Phe223, is predicted to form a helical
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(Figure 3B). This open structure of the nucleotide binding (Lys293–Asp295) resulted in 30%–50% lower activity
compared with wild-type. The activity of the triple mu-pocket is very similar to that of the salt bridge mutant
of Kar3 (R598A; Yun et al., 2001; Figure 3C). Like this tant K293A/V294A/D295A was only 30% of wild-type.
However, the remaining MTs were not decorated withmutant, KIF2 will be trapped in the open state so that
the switch I and switch II loops cannot come closer to these mutant KIF2Cs. There is a possibility that the KVD
motif is involved in the binding to the side wall of MTs,form the salt bridge necessary for hydrolysis of ATP and
conformational change of the switch II complex. and the KVD mutations resulted in lower MT affinity.
This possibility was excluded by introducing the KVDSince the 3 helix is connected to the MT binding L8
loop, we surmise that this loop serves as the sensor mutations into the neck-less KIF2C. The KVD mutant
neck-less KIF2C (E234-S585/K293A/V294A/D295A) com-for the MT end where ATP hydrolysis is activated. The
configuration of L8 and 3 suggests that the switch I pletely loses the MT depolymerization activity, but it still
decorates the MTs (Figure 4E). Thus, the KVD motif doesloop will move closer to the -phosphate when L8 is
pulled up. These structural features suggest an attrac- not affect the MT binding activity of KIF2C, and the
presence of the neck helix inhibits binding of KIF2C totive, but unsubstantiated, idea that L8 serves as the
sensor for regulation of ATP hydrolysis. That is, KIF2 is the side wall of MTs. In short, the neck helix is the
negative regulator for binding of KIF2C to the side walltrapped in the ATP bound open state. When the KIF2
protein reaches the end of the MT, L8 is pulled up by of the MT, and each residue on the tip of the KVD-finger
plays a pivotal role in the MT depolymerization.the interaction with tubulin (Figure 5H, discussed below),
and the following3 helix changes conformation to allow
the switch I loop to move closer to the switch II loop. Discussion
The nucleotide binding pocket then closes to allow hy-
drolysis of ATP followed by rearrangement of the switch We have solved the atomic structure of KIF2C and it
II complex. Thus, the family-specific configuration of showed many class-specific or family-specific structural
the L8-3-L9 complex may function as the regulation features. Here we discuss their functional implications
mechanism for ATPase activity. Interestingly, while this based on in silico modeling of the KIF2C-MT structure.
region is conserved in both the KIF2 and KIF24 families, We propose a model for the mechanism of the MT de-
different residues are conserved within each family. This polymerization by KIF-M based on these structural find-
diversity may be responsible for the difference in the ings and the experimental results of our mutational anal-
ATPase kinetics between these two families. ysis and the biochemical and structural studies by
other groups.
The Class-Specific Neck Is the Negative Regulator
for the Binding of KIF-M to the Side Wall The Atomic Model Suggests that KIF-M
Preferentially Interacts with a Helicallyof the MT, and the KVD-Finger Is Necessary
for Depolymerization Curved Protofilament
KIF-Ns and KIF-Cs bind to the tubulin dimer in a mannerThe family-specific structure of switch I suggests its
putative regulatory role in the ATPase reaction. The that places the 4 helix near or within the intradimer
groove of the protofilament (Kikkawa et al., 2001; Wendtswitch II complex is a well-characterized structural ele-
ment of the central MT binding region (Kikkawa et al., et al., 2002; Skiniotis et al., 2003). When the atomic
model of KIF1A is docked in silico on the MT protofila-2001). Given this, what are the functions of the class-
specific KVD-finger and the family-specific neck? To ment, the best fitting KIF1A atomic model on the MT
protofilament surface is achieved when 4 of KIF1A isclarify their functions, we introduced mutations in these
regions. The mutant proteins were assayed for their MT placed in the intradimer groove of the MT protofilament
(Figure 5A). This in silico structure agrees well with thedepolymerization activity in vivo using cultured COS
cells. high-resolution electron-micrographic structure (Kik-
kawa et al., 2001). We, therefore, tried the same in silicoAs reported previously with MCAK, the 50 aa neck is
necessary for the full activity of KIF2C (Figure 4). The docking strategy with the models of KIF2C and the MT
protofilament. Since the ADP and AMPPNP structuresdeletion of the distal 20 aa resulted in partial loss of
activity. Only very weak MT depolymerization activity of KIF2C are essentially same, we tried only AMPPNP
structure for docking, but it does not fit well with theremained in the construct E234–S585, which lacked
most of the neck (only the proximal half of the neck MT protofilament due to deformations on the MT binding
surface. The 4 helix can be placed into the intradimera0b helix remains in the construct). Thus, the neck-less
KIF2C does have MT depolymerization activity, but it is groove as with KIF1A and appears to be stabilized by
the interaction among the residues of 4 and tubulinvery weak, especially in vivo. Interestingly, the remaining
MTs were massively decorated with the neck-less KIF2C (Figure 5B), but other regions of KIF2C collide with the
surface of the MT. The plus end half of the MT binding(Figure 4D). This indicates that the neck-less KIF2C can
bind to the side wall of MTs. This is consistent with the surface of KIF2C can be fitted onto the MT surface
without collision when the catalytic core is shifted 0.5previous results with the neck-less PfKinI. The neck-
less PfKinI has been shown to decorate the side wall of nm to the MT plus end and 0.5 nm away from the MT
(Figures 5C and 5E). The minus end half of the MT bind-the MTs (Moores et al., 2002, 2003).
In contrast to the neck mutants, KVD mutants only ing surface can be fitted on the MT surface without
interference when the catalytic core is shifted 0.5 nm toshowed lower MT depolymerization activity and the re-
maining MTs were not decorated with KIF2C (Figure 4F). the MT minus end and rotated 11 deg (Figures 5D and
5F). Quite suggestively, these two configurations exactlyEven a single point mutation in one of the KVD residues
Crystal Structure of KIF2C
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Figure 4. The Microtubule Depolymerizing Activity of KIF2A and KIF2C Mutants In Vivo
(A–F) Fluorescent micrographs of cells expressing EYFP-fused KIF2 mutants (green) stained for MTs (red). (A) KIF2A full length. (B) KIF2C full
length. (C) KIF2C S183–S585 (neck  core). (D) KIF2C E234–S585 (core only). (E) KIF2C E234–S585 /K293A /V294A /D295A. (F) KIF2C
S183–S585 /K293A. (G) Relative MT depolymerizing activity of KIF2 mutants. The cells were classified by the number of remaining MTs into
six categories: no MTs (black in the lower panel of [G]), 20% (dark gray), 20%–50% (gray), 50%–80% (light gray), 	80% (faint gray), nearly
100% (white), and the number of cells in each category was counted (lower panel). The mean of the degree of the MT depolymerization was
calculated from this scoring and plotted as the relative MT depolymerizing activity (upper panel).
correspond to the two conformations of neck-less PfKinI KIF24 could also serve as the facilitator for targeting
through one-dimensional diffusion.on the MT side wall (Moores et al., 2003). This suggests
that the catalytic core of KIF-M can bind to the MT side To explain the preferential binding of KIF-M to the
ends of MTs, we surmised that KIF-M might preferen-wall, but it cannot bind tightly to the MT as found with
other KIFs, but it has two weakly binding configurations tially bind to the curved conformation of the protofila-
ment. In the curved conformation, the lateral interaction(“frustrated binding,” Supplemental Movies S1–S3 at
http://www.cell.com/cgi/content/full/116/4/591/DC1). of the protofilament is broken, and the neck no longer
interferes with the adjacent protofilament. When theThe family-specific neck further destabilizes this un-
stable binding. Our structure suggests that the proximal atomic model of KIF2C is docked with the atomic model
of the curved protofilament (taken from the stathmin-half of the neck forms a rigid structure extending out
toward the MT, and that the distal half will be wobbling tubulin complex 1FFX, Gigant et al., 2000), the MT bind-
ing surface of the catalytic core now fits well to thenear or in the side groove of the protofilament (schemati-
cally shown as green cylinders in Figure 5B). The surface of the three-dimensionally twisted conformation
of the helically curved protofilament (Figures 5G and 5H).N-terminal domain of the wild-type protein that pre-
cedes this neck will thus sterically interfere with the The deformations in the surface caused by the class-
specific residues of KIF2C are complimentary to theadjacent protofilament. In this configuration, the cluster
of the positively charged residues on the distal half of deformations caused by the curved conformation of the
protofilament. For example, the direction and degreethe neck will come in close proximity to the negatively
charged C-terminal E hook of tubulin. This electrostatic of rotation of 4 of KIF2C exactly fit the twist of the
protofilament. The residues in the intradimer groove sur-binding between the neck and the microtubule will allow
one-dimensional diffusion as demonstrated with KIF1A rounding the end of the 4 helix come in closer contact
by the curling of the protofilament (Figures 5H–5J). Fur-(Okada and Hirokawa, 2000). Thus, the neck will play
two roles in targeting KIF2 to the MT end by inhibiting thermore, two new contacts between the catalytic core
and the tubulin subunits are allowed in this dockedthe binding to the MT side wall and by facilitating the
one-dimensional diffusion. Although the amino acid se- structure (Figure 5G, Supplemental Movies S4–S6 on
Cell website). On the plus end side, the negativelyquence of the neck is not conserved between KIF2 and
KIF24, the neck region of KIF24 is similar in length and charged residues Asp414 and Glu415 on H11 of
-tubulin now come closer to the conserved residueshas a characteristic cluster of positively charged resi-
dues on the distal part of the neck. Thus, the neck of Lys414 and Arg416 on L8 (more precisely 5a) of the
Cell
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Figure 5. In Silico Modeling to Dock the Atomic Model of KIF2C to that of the MT Protofilament
(A) Docking of KIF1A (yellow) to the straight MT protofilament (white). H11 and H12 of tubulin are shown as brown cylinders, and the M loop
is shown in dark brown.
(B) Docking of KIF2C (yellow) to the straight MT protofilament. When put in the same position as KIF1A, 4 of KIF2C fits in the intradimer
groove, but the MT binding surface on both plus and minus end sides of 4 collide with the protofilament surface. Colliding elements are
highlighted with red coloring. The distal half of the neck helix was not visible in our crystal structure and is expected to be wobbling near or
in the side groove of the protofilament (schematically shown as green cylinder). The N-terminal domain of the wild-type protein (green sphere)
that precedes this neck will thus sterically interfere with the adjacent protofilament.
(C and E) Docking of KIF2C to the straight MT protofilament in a way that the anterior half of the MT binding surface (L8-4) is fitted to the
protofilament surface by shifting KIF2C to the plus end from the position in (B). The posterior half of the MT binding surface (around L2)
cannot reach the protofilament surface (C: side view, E: view from the minus end).
(D and F) Docking of KIF2C to the straight MT protofilament in a way that the posterior half is fitted by shifting and rotating to the minus end.
The anterior half is detached from the protofilament (D: side view, F: view from the plus end).
(G) Docking of KIF2C to the curved protofilament. The twist at the intradimer interface results in better fitting of the interface between KIF2C
and tubulin and enables the KVD-finger L2 to reach the interdimer groove. To illustrate this, the docked structure with the straight protofilament
(blue) and the curved protofilament (pink) are superimposed.
(H–J) Putative residues involved in the binding of KIF2C to the curved protofilament are highlighted as the CPK model on the docked structure.
(H) shows the overall view, and (I) and (J) show closeup views of the interdimer groove and the intradimer groove, respectively.
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catalytic core (Figure 5H). This interaction pulls L8 away
from the catalytic core and also stabilizes the curved
conformation of the protofilament. On the minus end
side, the KVD residues at the tip of the KVD-finger now
reach the interdimer groove and bridge Asp414 on the
H11-H12 linker of -tubulin to the Ile195 on the interdi-
mer groove of -tubulin (Figures 5H and 5I). The KVD-
finger will thus stabilize the curved conformation of the
interdimer groove. The neck helix and the N-terminal
domain are on or near the side wall of the protofilament,
which prevent its reassociation to the adjacent protofila-
ment. This structural model is consistent with the elec-
tron-microscopic image of the PfKinI–tubulin ring com-
plex (Moores et al., 2002).
Structural Model of MT Depolymerization
by KIF-M
KIF-M is thought to be able to interact with the side wall
of the MT, but the interaction with the side wall is not
stable compared with the interaction at the end of the
MT. Hydrolysis of ATP is not, or only poorly, activated
on the side wall, and KIF-M can diffuse to the end of
the MT in the ATP bound state without hydrolyzing ATP
(Desai et al., 1999; Hunter et al., 2003). Our structural
model explains these features as follows (Figure 6B).
On the side wall of the MT, the convex surface of the
catalytic core does not fit to the flat surface of the
straight MT protofilament, leading to unstable, frus-
trated binding. The steric interference between the neck
and the adjacent protofilament further inhibits the full
contact of KIF-M to the MT protofilament and facilitates
one-dimensional diffusion along the protofilament through
electrostatic interactions between the neck and E hook.
During this state, the nucleotide binding pocket is
Figure 6. Structural Model of the Mechanism of MT Depolymeriza-trapped in the open state so that the bound ATP is not,
tion by KIF-Mor only slowly, hydrolyzed. (The exact structural basis
(A) ADP bound KIF-M (light blue) binds to the side wall of the MT.for this open state is not clear for the KIF24 family due
(B) The neck helix (green) interferes with the M loop in the interprotof-to the low sequence homology in the switch I region.)
ilament groove, and KIF-M cannot bind tightly to the side wall ofAt the end of the MT, the protofilament will spontane-
the MT. The nucleotide binding pocket is trapped in the open state.
ously adopt a curved conformation. When KIF-M Thus, ATP bound KIF-M diffuses along the MT protofilament.
reaches to the curved protofilament at the end of the (C) When KIF-M reaches the end of the MT, the curved conformation
of the protofilament allows full contact with KIF-M. The L8 loopMT, KIF-M makes full contact with the tubulin subunit
(blue) closes the nucleotide binding pocket and ATP hydrolysis takes(Figures 5G–5J and 6C) and the 4 helix is inserted into
place. The neck helix destabilizes the lateral interaction of the pro-the intradimer groove. The class-specific residues on
tofilament, and the KVD-finger (red) stabilizes the curved conforma-the end of 4 link the E hook of -tubulin to the H11-
tion of the interdimer groove.
H12 loop of -tubulin, and this interaction stabilizes the (D) Tubulin dimer or oligomer is spontaneously released from the
curved conformation of the intradimer interface (Figure curved end of the protofilament.
Hydrolysis of ATP on the tubulin dimer (or oligomer) releases KIF-M5I). The binding of the L8 loop to H11 of -tubulin allows
and the next cycle starts. Alternatively, only the tubulin dimer isthe nucleotide binding pocket to close and ATP hydroly-
released and KIF-M remains on the protofilament, sliding back tosis occurs. At the same time, the KVD-finger is inserted
release the next tubulin dimer processively (C
 and D
). The sameinto the interdimer interface and stabilizes the curved
mechanism can also explain depolymerization from the minus end
conformation of the protofilament. The neck helix (and of MT (E). Dimerization of KIF-M is not required for this mechanism,
the N-terminal domain) is deeply inserted along the side but will further increase the depolymerization activity (F).
wall of the protofilament, destabilizing the lateral inter-
action.
Once the curved conformation of the protofilament stabilize the curved conformation. The stabilization of
the curved conformation of the protofilament at the endis stabilized, KIF-M molecules collectively bind to the
curved region as reported previously (Desai et al., 1999). of the MT is enough to shift the MT dynamics to de-
polymerization without further active processes. TubulinThis cooperativity suggests that KIF-M molecules will
not actively curve or peel the protofilament. Instead, oligomer is spontaneously released from the curved
ends of the protofilament (Muller Reichert et al., 1998).they passively wait for the protofilament end to adopt
the curved conformation. Once it assumes the curved For example, it is proposed that stathmin and HIV-rev
promote MT depolymerization through passive bindingconformation, the nearby KIF-M molecule will bind and
Cell
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to the MT protofilament and stabilization of its curved with the adjacent protofilament. Thirdly, it will destabi-
conformation (Gigant et al., 2000; Watts et al., 2000). lize the lateral interaction of the protofilament. Our struc-
Since the initial cycle of the MT depolymerization reac- tural model also explains why the addition of the KIF2
tion by KIF-M does not require hydrolysis of ATP (Desai neck to the conventional kinesin catalytic core does
et al., 1999; Moores et al., 2002), KIF-M uses the same not produce depolymerizing kinesin or why the simple
passive mechanism for depolymerization. This model addition of the positively charged residues to the end
also explains the recent finding that the stoichiometry of the proximal half of the neck helix can restore the
of the ATP hydrolysis to the MT depolymerization de- depolymerizing activity of neck-less MCAK (Maney et
pends on the stability of the MT lattice (Hunter et al., al., 2001; Ovechkina et al., 2002).
2003). KIF-M will remain bound to the end of the MT, Thus, our structural model can explain the experimen-
ineffectively hydrolyzing ATP, until the tubulin subunit tal results known so far for KIF-Ms. However, the model
is spontaneously released from the lattice. The more itself depends mostly on the in silico modeling of the
stable the lattice, the longer this will take, resulting in atomic structure of KIF-M to the atomic model of the
more hydrolysis of ATP. helically curved protofilament. High-resolution structure
It should be noted that our model explains the stabili- of the KIF-M-tubulin complex and single molecule
zation of the curved conformation of the protofilament assays are required for direct confirmation of our model.
by KIF-M through binding of the three structural ele-
Experimental Proceduresments of KIF-M to the inter- and intradimer grooves
of the protofilament. Thus, this mechanism can work
Constructsequally on both the plus and minus ends of the MT
The constructs were created by PCR and their sequences were
(Figure 6E). It should also be pointed out that the relative confirmed by DNA sequencing. For the EYFP-fusion constructs, the
configuration of the three MT binding regions (KVD- PCR products were ligated into the pEYFP-C1 vector (CLONTECH)
finger,4, and L8) could induce the active deformation of so that the EYFP tag was fused to the N terminus of the KIF2
constructs. For bacterial expression, the PCR products were ligatedthe MT protofilament lattice near the ends. The specific
into the pET-21b vector (Novagen).configuration of these elements in the catalytic core of
KIF-M makes the shape of the MT binding surface con-
In Vivo MT Depolymerization Assayvex, and the binding energy to this convex surface could COS-7 cells were transfected with the EYFP-fused KIF2 constructs
actively bend the protofilament by a mechanism similar using GeneJuice Transfection Reagent (Novagen) and fixed 22 hr
to the induced fitting in receptor-ligand binding. after transfection. The cells were rinsed in pre-warmed phosphate-
buffered saline (37C) and fixed with 3% paraformaldehyde (37C,The exact function of ATP hydrolysis remains unclear.
10 min), followed by extraction with cold methanol (20C). The MTOur structures do not provide any suggestions for the
arrays remaining in the cells were visualized by immunofluorescentputative structural changes coupled with ATP hydroly-
staining with the anti--tubulin antibody DM1A (Sigma) and Alex-sis. Thus, we cannot exclude the possibility that the
aFluor 568-labeled anti-mouse secondary antibody (Molecular
hydrolysis of ATP can actively accelerate the release of Probes). The amount of plasmid DNA and the transfection conditions
the tubulin dimer from the end of the protofilament. were adjusted to achieve a constant transfection efficiency and
However, we expect that the hydrolysis of ATP will be similar expression levels of the EYFP signal. For each construct,
three hundred transfected cells were randomly chosen and the de-necessary for enzymatic cycling. One possible cycling
gree of loss of the MT array in each cell was scored.mechanism is that KIF-M is released from the MT lattice
along with the tubulin dimer or oligomer (Desai et al.,
Expression, Purification, and Crystallization of KIF2C1999). The hydrolysis of ATP on the detached tubulin
The KIF2C construct from Ser183 to Ser585 was expressed in bacte-
dimer (or oligomer) will release KIF-M, and the next de- ria as previously described (Kikkawa et al., 2001). Soluble protein
polymerization cycle starts. Another possibility is that extracted with buffer A (50 mM Hepes [pH 7.4], 500 mM K-acetate,
KIF-M may slide to the next tubulin dimer after the re- 5 mM Mg-acetate, 5 mM imidazole, 1% Triton X-100, and protease
inhibitors) was loaded onto a TALON metal-affinity-resin (CLON-lease of the end dimer from the lattice. This model can
TECH) column, and KIF2C protein was eluted with 500 mM of imida-explain the processive depolymerization that was re-
zole. After dialysis against buffer B (10 mM MOPS [pH 7.0], 100 mMported recently (Hunter et al., 2003). The reaction path-
NaCl, 1 mM EGTA, 0.1 mM ADP, 1 mM MgCl2, and 20% w/v sucrose),way may stochastically bifurcate between these two the sample was loaded onto a RESOURCE S (Amersham) column
possible pathways, depending on the stability of the equilibrated with buffer C (100 mM MES-NaOH [pH 6.0], 15% w/v
protofilament. The dimerization of full-length KIF-M may sucrose, 1 mM EGTA, 1 mM MgCl2) and was eluted with a linear
further increase the efficiency of the curling and the gradient of NaCl. The pooled protein fraction was dialysed against
buffer D (10 mM Hepes [pH 7.4], 100 mM NaCl, 1 mM EGTA, 1 mMprocessive depolymerization of the protofilament (Fig-
MgCl2, and 0.5 mM DTT) and concentrated to 10–20 mg/ml. Crystalsure 6F).
were grown by the hanging-drop-vapor diffusion method at 24C.Our structural model also explains the results of the
Each protein solution (10 mg/ml) was mixed with an equal volume
molecular dissection experiment to determine the nec- of reservoir solution consisting of 1.0 M Potassium sodium tartrate
essary elements for depolymerization (Maney et al., tetrahydrate (Sigma-Aldrich) and 0.1 M MES (pH 6.0).
2001; Ovechkina et al., 2002; Niederstrasser et al., 2002;
Moores et al., 2002; this study). The E hook of -tubulin Data collection, Structure Determination, and Refinement
All data were collected at PFAR-NW12A (wavelength  0.98 A˚) andis required for the diffusional binding of KIF-M to search
were processed using the HKL2000 software package (Otwinowskifor the end of the MT and also serves as the anchoring
and Minor, 1997). The AMP-PNP bound KIF2C structures were de-site for the main MT binding helix, 4. The positively
termined by the molecular replacement method (CNS, Brunger et
charged neck helix will play three important roles. Firstly, al., 1998) using atomic coordinates for the KIF1A-ADP form (1I5S).
it will support the electrostatic anchoring necessary for Electron-density maps based on coefficients 2Fo-Fc were calculated
one-dimensional diffusion. Secondly, it will prevent the from the phases of the initial model. Subsequent rounds of model
building and refinement were performed using the programstight binding of the catalytic core by steric interference
Crystal Structure of KIF2C
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QUANTA (Molecular Simulations) and CNS, respectively. The model of the kinesin neck domain on dimerization and ATPase kinetics. J.
Biol. Chem. 272, 7626–7632.is refined to R and Rfree values of 21.5% and 25.2%, respectively
(24.0–2.25 A˚). The ADP bound structure of KIF2C was similarly deter- Kikkawa, M., Sablin, E.P., Okada, Y., Yajima, H., Fletterick, R.J., and
mined and refined to R and Rfree values of 24.8% and 29.2%, respec- Hirokawa, N. (2001). Switch-based mechanism of kinesin motors.
tively (20.0–3.24 A˚). Details of the data collection and refinement Nature 411, 439–445.
are presented in Table 1.
Kim, A.J., and Endow, S.A. (2000). A kinesin family tree. J. Cell Sci.
113, 3681–3682.
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